Aims: To examine whether dynamic cerebral autoregulation is acutely impaired during maximal voluntary apnoea in trained divers.
Introduction
Cerebral autoregulation is a compensatory mechanism which acts to maintain cerebral blood flow at a near constant value, despite fluctuations in arterial blood pressure or intracranial pressure [1, 2] . It can be argued that autoregulation of cerebral blood flow and, by extension, cerebral O 2 delivery is nowhere more important for human survival than during prolonged asphyxia. And perhaps an extreme model of asphyxia can be found in the breath-hold diver performing a maximal apnoea [3, 4] .
In trained breath-hold divers, arterial O 2 tension may approach ,30 mmHg, and CO 2 tension may reach as high as 91 mmHg, by the breakpoint of maximal apnoea [5] [6] [7] [8] [9] . In spite of this extreme asphyxia, cerebral tissue oxygenation is well-maintained during maximal apnoea due to a compensatory cerebral hyperaemia [10] . The majority of the rise in cerebral blood flow during apnoea is achieved by vasodilation of cerebral resistance vessels, consequent to hypercapnia [11, 12] . Maximal apnoea also evokes a powerful vasoconstriction of the peripheral tissues, leading to a pronounced arterial hypertension [10, 13, 14] . Indeed, approximately one-third of the cerebral blood flow response to brief apnoea (i.e., 20 s) is contributed by the increase in arterial blood pressure [11] . The observation that arterial hypertension partly explains the rise in cerebral blood flow suggests that cerebral autoregulation is functionally impaired during maximal voluntary apnoea. To date, no study has examined dynamic cerebral autoregulation (dCA) during prolonged breath holding.
The primary aim of this study was to quantify the effectiveness of dCA during maximal ''dry'' apnoea in trained breath-hold divers. Previous studies indicate that the relationship between arterial CO 2 on cerebrovascular pressure-reactivity is nonlinear, primarily affecting the phase more so than the amplitude dynamics of the cerebral autoregulatory response [15] [16] [17] [18] . Moreover, it is well-established that arterial O 2 tension exerts a modulatory effect on dCA, wherein arterial hypoxaemia seemingly impairs the autoregulatory response [19] [20] [21] . Consequently, dCA was assessed using phase synchronisation analysis [22, 23] on spontaneous, beatto-beat values of mean arterial blood pressure (MAP) and middle cerebral artery blood flow-velocity (CBFV) during maximal apnoea. It was hypothesised that trained divers would display signs of impaired dCA by the breakpoint of apnoea, evidenced by a significant increase in the strength of phase synchronisation between arterial pressure and cerebral blood flow-velocity. Moreover, it was expected that those divers with the highest levels of arterial hypercapnia would demonstrate the largest increases in phase synchronisation by the apnoea breakpoint.
Methods

Ethics Statement
The present study conformed to the principles outlined in the Declaration of Helsinki and was approved by the research ethics board at the School of Medicine, University of Split, Croatia.
Subjects and Experimental Design
Eleven trained, male apnoea divers (2862 yr; 18262 cm, 7667 kg) volunteered to participate in the present study, and provided written informed consent. Within the 6 months prior to experimental testing, the divers were engaged in apnoea training at least 3 times a week, were each session lasted approximately 60 to 90 min. The subjects underwent a pre-participatory health screening to ensure they were physically active non-smokers, with no history of cardiac, pulmonary or metabolic disease.
Subjects first performed a number of pulmonary function tests in the supine position, after which they were instructed to remain supine for 10 min before performing breath-hold manoeuvres (i.e., rest period). Breath-hold manoeuvres commenced after full inflation to total lung capacity (TLC) while wearing a nose-clip. The subjects were instructed to keep their glottis closed during each breath-hold. Subjects were discouraged from performing preparatory hyperventilation, and were not allowed to perform glossopharyngeal insufflations prior to the manoeuvre. The subjects completed two practice trials, followed by 3 experimental breath holds, separated by at least 10 min of supine rest. A repeat apnoea trial did not begin until haemodynamic variables had returned to baseline. Subjects were encouraged to completely relax their respiratory musculature during the early period of the breath-hold (i.e., easy-going phase) and, should the urge arise, to allow respiratory contractions to develop ''naturally'' toward the end of breath holding. The subjects were also instructed to avoid activation of their peripheral musculature. No further explanation of the apnoeic effort was provided.
Pulmonary Function Testing and End-tidal Gases
Before each experiment, the subjects performed a forced vital capacity (FVC) manoeuvre while in the supine posture (Quark PFT, Cosmed, Rome, Italy). All pulmonary function testing was performed and reported in accordance with the American Thoracic Society guidelines [24] . Expired gases were continuously sampled at the mouth using a mass spectrometer (AMIS 2000, Innovision A/S, Odense, Denmark) and, from these data, the endtidal partial pressures of O 2 and CO 2 (PETO 2 and PETCO 2 ) were computed.
Electrocardiogram, Arterial Oxygen Saturation, Blood Pressure and Cerebral Blood Flow-velocity
Arterial O 2 saturation of haemoglobin (SaO 2 ) was measured via finger pulse oximetry (Poet II, Criticare Systems, Waukesha, WI). Beat-by-beat arterial blood pressure was measured using a pneumatic cuff placed around the middle phalanx of the nondominant hand, and was connected to a photoplethysmograph (Finometer, Finapress Medical Systems, Arnhem, Netherlands). The hand bearing the finger cuff was positioned at the level of the heart in order to negate hydrostatic pressure artifact. The hand was kept in this position for the duration of the experimental protocol. Heart rate and rhythm were monitored continuously using a standard 3-lead electrocardiogram module that was interfaced with the Finometer unit. CBFV was obtained via transcranial Doppler ultrasound of the proximal middle cerebral artery, measured using a 2-MHz probe fixed at a constant angle over the right posterior temporal ''window'' (Transcranial Doppler, Multigon, Yonkers, NY, USA).
Data Collection and Signal Processing
All signals were sampled continuously at 1000 Hz (Powerlab 16 SP, ADInstruments Inc., Castle Hill, Australia) and stored on a personal computer for off-line analyses. Mean arterial pressure (MAP) and mean CBFV were computed as the arithmetic mean of the arterial pulse wave and transcranial Doppler flow-velocity signals over each cardiac beat interval, respectively [25] . Cerebrovascular resistance index (CVRi) was calculated as MAP/CBFV. The discontinuous, beat-by-beat time series were resampled to 2 Hz using cubic spline interpolation.
Phase Synchronisation and Dynamic Cerebral Autoregulation
Phase synchronisation analysis describes the strength of interaction between the intrinsic phases (W) of two weakly-coupled, nonstationary, nonlinear chaotic oscillators [26, 27] . Two oscillators are said to be 'synchronised' or 'phase-locked' when the difference in their phases remain constant over a given length of time [22, 23, 28, 29] . In the present study, the strength of phase synchronisation between MAP and CBFV was used to assess the effectiveness of dCA during maximal apnoea. That is, MAP and CBFV were considered to act as two autonomous oscillators, weakly-coupled in their phases through the action of the effector, dCA. According to this paradigm, dCA is intact when the oscillators CBFV and MAP are not synchronised in their phase dynamics [22, 23] ; i.e., the oscillator CBFV operates nearindependently of MAP. Conversely, when the dynamics of MAP and CBFV are tuned such that their phases become synchronised, fluctuations in arterial pressure are ''passively'' transmitted through the cerebral vasculature unabated, portending autoregulatory failure.
The strength of phase coupling between MAP and CBFV, and thus the effectiveness of dCA, was quantified using the phase synchronisation index (PhSI). The method used to calculate PhSI was modified from that described by others [22, 23, 30] . In brief, the 2 Hz interpolated data for MAP and CBFV were band-pass filtered using a 5 th order, zero-phase Butterworth filter, with a low and high cut-off frequency of 0.01 and 0.15 Hz, respectively. These frequency cut offs were chosen based on previous observations that dCA is most active within the low to very-low frequency region [i.e., 0.01-0.15 Hz; 1,2]. This filtering approach also had the effect of removing variability in each time-series due to respiration and the cardiac cycle. The intrinsic phases of the filtered MAP and CBFV time series, W MAP (t) and W CBFV (t), were extracted using the Hilbert transform [23, 30] . The distribution of phase differences between MAP and CBFV was then determined as: DW(t)~W MAP (t){W CBFV (t). DW(t) was wrapped to the interval -180 to 180u, such that a negative value suggests that changes in MAP 'lead' those observed in CBFV. PhSI is a quantity that represents the time-dependent stability of DW(t), and was calculated as:
where the brackets AENae denotes a 30-s moving average window. PhSI lies within the interval 0#PhSI #1. A value of PhSI = 1 indicates perfect phase synchronisation, while PhSI = 0 suggests complete absence of phase synchronisation between signals MAP and CBFV. Therefore, in the context of the present study, a decrease in PhSI during apnoea was taken to represent an increased effectiveness of dCA, whereas an increase in PhSI was interpreted as an impairment of autoregulatory processes while breath holding. Phase synchronisation analysis was performed using MATLABH (The MathWorks, Inc., Natick, USA).
Statistical Analyses
Data were averaged across repeated trials. The dependent variables were averaged into four time-epochs representing: the resting period, the first and last 30-s of maximal apnoea, and the final 30-s of the 2 min recovery period. PETO 2 and PETCO 2 could not be measured while subjects were breath holding. As such, PETO 2 and PETCO 2 data were organised into 4 bins representing: 1) the resting period; 2) the mean of values observed 30-s immediately prior to apnoea; 3) the minimum and maximum values of PETO 2 and PETCO 2 , respectively, within the first 3 breaths immediately following the apnoea breakpoint; and: 4) the final 30-s of the 2-min post-apnoea recovery period. One-way analyses of variance were used to evaluate the effect of these time epochs on cardiovascular and cerebrovascular variables, and on parameters derived the phase synchronisation analysis. Pair-wise comparisons were assessed using the Bonferroni post-hoc adjustment. Pearson's correlation coefficient was used to determine whether any change in dCA function, assessed via PhSI, could be related to the changes in either PETO 2 and PETCO 2 observed during maximal voluntary apnoea. Results are presented as mean 6 standard error of the mean (SEM) unless stated otherwise. All data were analysed using SPSS 20.0 (SPSS, Inc., Chicago, IL, USA). Statistical analyses were considered significant if P,0.05.
Results
Pulmonary Function and Breath Holding Performance
All subjects presented with normal pulmonary function, where FVC, forced expiratory volume in 1 s (FEV 1 ) and FEV 1 /FVC were 6.3060.41 L (11667% predicted), 5.1460.24 L (11365% predicted) and 0.8260.02 (10062% predicted). The average duration of maximal voluntary apnoea was 199611 s (range 154 to 261 s). The coefficient of variation computed for the subject's repeated apnoeic efforts was 762%.
Expired Gases, Cardiovascular and Cerebrovascular Variables during Maximal Voluntary Apnoea
During the resting period before apnoea, PETO 2 and PETCO 2 were 12163 mmHg and 4161 mmHg, respectively. In the 30-s period before apnoea, PETO 2 increased to 13163 mmHg (P,0.05) while PETCO 2 fell to 3861 mmHg (P,0.05). Thus, despite verbal instruction, the subjects hyperventilated (albeit mildly) before performing maximal apnoea. Immediately postapnoea, PETO 2 and PETCO 2 were 6164 mmHg and 5661 mmHg -both values were different from those observed at rest (P,0.05). The average changes in PETO 2 and PETCO 2 from rest until the apnoea breakpoint were -5767 mmHg and +1461 mmHg, respectively. By the end of the 2-min recovery period, PETO 2 and PETCO 2 remained different from rest (10465 mmHg and 4664 mmHg, respectively; both P-values were ,0.05). Figure 1 displays the changes in MAP and CBFV during maximal apnoea for a representative trained diver. The timecourse changes in cardiovascular and cerebrovascular variables during maximal apnoea are reported in Table 1 . CVRi increased from rest to the beginning of maximal apnoea (P,0.05). Conversely, MAP and CBFV decreased over the same period of time (P,0.05). Thereafter, MAP and CBFV progressively increased (P,0.05), while CVRi and SaO 2 continuously decreased (P,0.05), from the beginning until the end of apnoea. After 2-min of recovery, the above parameters returned to baseline. Apart from an initial rise at the beginning of apnoea (P,0.05), HR was not different from rest during and after breath holding. Figure 1 also displays the changes in DW and PhSI during maximal apnoea for representative trained diver. The absolute rise in PETCO 2 from rest until the apnoea breakpoint was strongly, and positively correlated with the increase in PhSI over the same period of time (R 2 = 0.67, P,0.05, left-panel Figure 3) . That is, the larger the rise in PETCO 2 and, by extension, arterial tension of CO 2 , the greater the impairment in dCA during maximal voluntary apnoea.
Dynamic Cerebral Autoregulation during Maximal Voluntary Apnoea
Interestingly, the magnitude of rise in PETO 2 was not identified as significant correlate of the rise in PhSI throughout breath holding (R 2 = 0.01, P = 0.75, right-panel Figure 3 ).
Discussion
The novel findings of the present study were that: (i) the effectiveness of dCA is reduced during maximal voluntary apnoea in trained divers; and that (ii) this reduction was strongly related to the rise in PETCO 2 during apnoea. Our data suggest that the ability of the cerebral vessels to autoregulate blood flow, and therefore to protect the brain against abrupt oscillations in driving pressure, is acutely impaired in divers performing maximal ''dry'' apnoea. These findings have important implications for the cerebrovascular health and safety of trained apnoea divers.
We report that dCA was acutely impaired during prolonged, voluntary apnoea. This inference is substantiated by two lines of evidence. First, PhSI had increased above resting values by the breakpoint of maximal apnoea. The rise in phase-coupling strength between MAP and CBFV indicates a progressive weakening of the autoregulatory response over time [22, 23] . Second, not only had DW decreased during maximal apnoea, but its value approached zero by the breakpoint. It has been argued that when DW approximates zero, changes in MAP affect those in CBFV with no temporal delay, signifying autoregulatory failure [31, 32] . The present finding that maximal voluntary apnoea weakens dCA is consistent with observations made by others. For example, Przyby owski et al. [11] reported that approximately one-third of the cerebral blood flow response to brief apnoea (,20 s) is mediated by increases in arterial blood pressure, indicating a partial failure of cerebral autoregulatory mechanisms during voluntary breath holding. More recently, Dineen et al. [33] demonstrated that the effectiveness of dCA is transiently reduced during voluntary apnoeas lasting ,35 s. These findings, in conjunction with those of our own, supports the idea that voluntary breath holding acutely impairs dCA.
Many investigators have demonstrated that elevated arterial CO 2 acutely impairs dCA during spontaneous breathing [1, [15] [16] [17] [18] 34 ] -the precise mechanism(s) by which hypercapnia weakens the autoregulatory response is unclear. Nevertheless, our findings are in agreement with the above reports, insofar as the trained divers who displayed the largest rise in PETCO 2 during maximal apnoea presented with the greatest impairment in dCA. It is wellestablished that isocapnic hypoxia impairs the cerebral autoregulatory response in awake, spontaneously breathing humans [19] [20] [21] . It is therefore surprising that we observed no direct relationship between the fall in PETO 2 and the rise in PhSI during maximal apnoea. This finding does not necessarily obviate the thesis that arterial hypoxaemia contributes to the weakened autoregulatory response observed during maximal apnoea. Rather, it is possible that arterial O 2 tension impacts on dCA in a manner not elucidated by the correlation analysis performed on our group of trained divers.
It must be appreciated that factors other than arterial blood gas tensions are known to modulate the effectiveness of dCA, these include: (i) sympathetic activity; (ii) metabolite production; and (iii) perivascular innervation [35] [36] [37] [38] [39] [40] . Our data do not allow us to comment on the role that these factors played in disrupting autoregulatory processes during maximal apnoea. Further investigations are required to elucidate the precise mechanisms responsible for impairing dCA during prolonged, voluntary breath holding. Implications for the Cerebrovascular Health of Breathhold Divers
The observation that PhSI had increased by the breakpoint of maximal apnoea begs the question: what is the impact of impaired autoregulation on cerebrovascular health during breath-hold diving? Certainly, there are numerous reports of serious brain damage and neurological impairment in habitual breath-hold divers [41] [42] [43] [44] [45] [46] . However, the primary cause of these brain injuries is often attributed to cerebral arterial gas embolism, resulting from pulmonary barotrauma and/or shunting of venous gas emboli formed in peripheral tissues at depth. In a state of impaired dCA, the cerebral vessels behave more like a ''pressure passive'' system, wherein low to very-low frequency variations in arterial pressure (i.e., 0.01-0.15 Hz) are passively transmitted through the cerebrovasculature unabated, resulting in potentially severe fluctuations in cerebral blood flow and intracranial pressure. Following the above, one may speculate that arterial hypertension induced by apnoea [10, 13, 14] , and concurrent impairment of cerebral autoregulation, may together promote the development of intracranial hypertension, and thus heighten the risk of cerebrovascular insult during breath-hold diving. Further research is warranted in order to determine whether impaired dCA during maximal breath holding leads to cerebrovascular insult in trained divers.
Methodological Considerations
We used transcranial Doppler ultrasound of the right middle cerebral artery (MCA) to estimate bulk cerebral blood flow during maximal breath holding [47, 48] . This technique does not measure volumetric blood flow per se, rather it quantifies the velocity of blood passing through the insonated artery [49] . Changes in the radius of the insonated artery may therefore alter blood velocity, independent of volumetric flow through the MCA. Importantly, however, evidence suggests that MCA diameter is stable over a wide range of MAP and arterial blood gases [50, 51] . With this point in mind, we are confident that our values of cerebral blood flow-velocity is a valid marker of bulk cerebral blood flow. It must be acknowledged that only trained breath-hold divers were recruited in this study, and that all apnoeas were performed under ''dry'' laboratory conditions. Therefore, we caution that our findings may not apply to untrained/naïve participants, or to the conditions imposed on subjects when breath holding under water at depth. On this latter point, it was not feasible to use transcranial Doppler ultrasound to measure CBFV under water. Future studies may overcome this limitation via computational modelling of the pressure-flow characteristics of peripheral and cerebral vessels [52] [53] [54] .
That the trained diver in Figure 1 demonstrated a fall in PhSI within the first 60-s of apnoea suggests dCA transiently improved after the beginning of breath holding. This improved dCA may have been related to our observation that subjects, on average, were mildly hypocapnic immediately prior to breath holding. If this hypocapnia persisted throughout the first 60-s of apnoea, it is conceivable that the lowered arterial CO 2 tension mediated an improvement in dCA -at least for the individual displayed in Figure 1 . However, it was not feasible to measure PETCO 2 during apnoeic efforts and, in turn, we cannot comment on whether arterial hypocapnia modulated dCA during the early phase of maximal apnoea. In relation to the above, it is of note that other investigators have reported that arterial hypercapnia does not develop to any great extent within the first 60 s of voluntary breath holding [55] [56] [57] .
Conclusions
The present study clearly demonstrates that the phase dynamics of cerebral autoregulation are acutely impaired during maximal ''dry'' apnoea in trained divers. Moreover, we provide evidence that the degree of impairment in dCA is related to the magnitude of rise in PETCO 2 observed during apnoea. The potential for this impaired dCA to heighten the risk of cerebrovascular injury during breath-hold diving should be further explored. 
